Abstract. In this study we investigated the perception and production of line orientations in a vertical plane. Previous studies have shown that systematic errors are made when participants have to match oblique orientations visually and haptically. Differences in the setup for visual and haptic matching did not allow for a quantitative comparison of the errors. To investigate whether matching errors are the same for different modalities, we asked participants to match a visually presented orientation visually, haptically with visual feedback, and haptically without visual feedback. The matching errors were the same in all three matching conditions. Horizontal and vertical orientations were matched correctly, but systematic errors were made for the oblique orientations. The errors depended on the viewing position from which the stimuli were seen, and on the distance of the stimulus from the observer.
Introduction
One of the first processing steps needed for grasping an object in the visual world is perceiving its size and orientation. In this context, it is important to notice that many studies have shown that object properties are not always perceived correctly. Several differences have been reported between real-world space and the representation of this space in the brain. For example, parallel lines in real-world space are not always perceived as parallel lines (Cuijpers et al 2000; Kappers and te Pas 2001) , and objects presented at the same distance but at a different viewing angle often do not look equidistant (see, eg, Foley 1980) . Moreover, angles between two lines are found to be perceived incorrectly (Chen and Levi 1996; MacRae and Loh 1981; Regan et al 1996) and, related to this observation, the angles of a triangle constructed by arrows pointing towards the perceived vertices of the triangle do not sum to 1808 (Koenderink et al 2000) . Finally, the estimation of the length of a line depends on whether the line is on a flat or a curved surface (Norman et al 1996 (Norman et al , 2000 . Soechting and Flanders (Flanders and Soechting 1995; Soechting and Flanders 1993) investigated whether the differences between the actual orientation of objects and the perceived orientation affect manual matching of orientations of objects. In their experiments, participants were asked to match a visually or verbally presented 3-D orientation with a bar at different locations in space. Systematic errors were made by participants carrying out this task. In another study, Kappers and Koenderink (1999) found systematic errors when participants were asked to match the orientation of a haptically perceived bar with that of a test bar at various places in the horizontal plane.
These results have raised the question whether errors in the percepts of visually and haptically presented bars are similar, and to what extent errors in visual perception of the orientation of a bar affect haptic matching of the orientation. A first attempt to address this question was presented by Cuijpers in his doctoral thesis (2000) , where he compared the results of a visual (Cuijpers et al 2000) and a haptic (Kappers and Koenderink 1999 ) matching task. Cuijpers (2000) showed that the structure of visual and haptic spaces is qualitatively similar but quantitatively different.
Visual and haptic matching of perceived orientations of lines
However, the experimental conditions for haptic and visual matching were different, leaving open the option that the quantitative differences could be due to differences in the experimental setup of the two matching experiments. In the experiment by Cuijpers et al (2000) the two bars were presented in a horizontal plane at eye height, while in the experiment by Kappers and Koenderink (1999) the stimuli were presented on a table at waist level. In addition, the distance between stimuli differed across experiments. The aim of the present study was to investigate whether errors in visual and haptic matching of line orientations are quantitatively similar. To allow for a quantitative comparison across modalities we asked participants to match visually presented orientations both visually and haptically in the same experimental conditions. Three experiments were carried out. In the first experiment, participants were asked to visually match the orientation of two lines. Both lines were presented on a large screen which participants viewed from aside. By the choice of the stimulus locations, the influence of viewing angle and distance was tested. On the basis of the results of Cuijpers et al (2000) and Kappers and Koenderink (1999) viewing angle was expected to have an effect, but no effect was expected of viewing distance.
The second experiment involved haptic matching with visual feedback. Participants were presented with the same visual stimulus as in the first experiment. They were asked to match its orientation by holding a bar in the same orientation at one of three different positions. While matching the orientation, the reference line remained visible and the orientation of the bar could be inspected visually. This makes the experiment different from the experiments by Soechting and Flanders (1993) , where either the stimulus or the bar could not be seen while matching.
In the third experiment, visual information was eliminated during haptic matching of the reference orientation. This was done to exclude a possible dominant contribution of visual perception to the matching of the bar orientation in experiment 2. If the use of visual information dominated that of haptic information, and if errors in visual and haptic matching differ, a different pattern of results has to be expected for haptic matching with (experiment 2) and without (experiment 3) visual feedback.
Experiment 1
In the first experiment, the perceived orientation of visually presented lines in the vertical plane was investigated when participants looked at the stimuli from aside. Two viewing positions were used: one to the left of the stimuli and one to the right. In the experiment, participants were presented with two lines on a large screen, and they were asked to match the orientation of one line (the`matching line') with the orientation of the other line (the`reference line'). They did this by adjusting the orientation of the matching line using a remote control until they thought it matched the orientation of the reference line.
2.1 Method 2.1.1 Participants. The stimulus lines were matched from two viewing positions. Six participants matched the stimuli from the left and seven from the right. Three participants took part in both matching situations. Two of these three were the authors. All other participants were na|« ve with respect to the purpose of the experiment. Six of the participants (not members of the department) were paid for their participation. All participants had normal or corrected-to-normal vision.
2.1.2
Apparatus. An LCD projector (Philips 4750) connected to a Pentium PC (166 MHz) was used for the presentation of the stimuli. Two lines were projected within a 142 cm 6105 cm computer display image on a 2.5 m62 m projection screen. The resolution of the projected screen was 6406480 pixels. The orientation of one of the projected lines could be adjusted, by means of the computer keyboard, in steps of 28, 0.58, or 0.18. 2.1.3 Stimuli. The stimuli consisted of computer-generated lines. Each line consisted of seven dots, each at 13 mm distance within the 142 cm6105 cm display image. Seven dots were used instead of a solid line, since a solid line would allow participants to estimate its orientation by looking at the staircase pattern of the dots within the line which originated from the finite resolution of the visual display in graphics mode. The seven dots of each line were plotted in white on a black background. The reference line was presented in the upper right part of the screen for both viewing conditions (from the left and the right), with its centre at 122 cm from the left and 13 cm from the top of the display image. The matching line was presented with its centre in the upper left part of the image (13 cm, 13 cm), in the middle upper part of the image (40 cm, 13 cm), or in the middle lower part of the image (40 cm, 40 cm). Figure 1 shows a top view of the location of the stimuli and their location with respect to the participant. The centres of the matching-line locations are indicated by an asterisk, the centre of the reference-line location by a plus sign.
2.1.4 Design. Four main orientations of the reference line were used: 458, À458, 08 (horizontal line), and 908 (vertical line) with respect to the horizontal. Here we have used the convention that 458 corresponds to a counterclockwise rotation over 458 of a horizontal line.
An additional scatter of 28 or 48 was added to these main orientations. So, for example, for the 458 orientation, the reference line could be presented at an orientation of 418, 438, 458, 478, or 498 . The participants were told that some scatter had been added to the orientation of the line, so that it would be important to align the two orientations instead of, for example, matching some preconceived orientation relative to external cues, such as gravity or the edges of the screen.
Each combination of the four main orientations and the three matching locations was presented 10 times to each participant. This resulted in a total of 120 trials, which took each of the participants about 30 min to complete. For each trial, the orientation of the matching line was selected at random from a uniform distribution in the range from 08 to 1808. The order of the trials was randomised across participants.
2.1.5 Procedure. Participants were seated in a chair at either the left or the right of the computer screen, depending on the viewing-position condition. The height of the chair was adjusted such that the participants were viewing it at the same height as they would have been viewing the screen if they had been standing. This was done to make the results comparable to those of experiments 2 and 3, in which participants were standing. At the beginning of each trial, two lines, each consisting of seven dots, appeared on the screen and the participant was asked to rotate the matching line using the computer keyboard, until s/he thought the two lines looked parallel.
After the participant had pressed the button to ask for the next trial, a 1000 ms intertrial interval was started in which the screen was cleared. After this interval, two new lines were plotted on the screen.
2.1.6 Data analysis. For each trial, two error measures were computed: a signed error and an unsigned error. The signed error was computed as the difference between the orientation of the reference line and the matching line. The unsigned error was the absolute value of the signed error. Statistical tests on means per participant were conducted to test for each reference-line orientation and matching-line location, whether the orientations of the matching lines were different from the orientations of the corresponding reference lines. Additional tests were carried out to check whether systematic errors differed for the different positions of the matching line. To test for the oblique effect, the unsigned errors of the oblique orientations were compared with those of the orthogonal orientations with participants as a random factor. In a two-way MANOVA the effects of orientation (oblique/orthogonal) and matching-line location were tested. Unidirectional tests were used. Systematic errors were found for the oblique but not for the horizontal and vertical (`orthogonal') orientations, both for the left and for the right viewing positions. However, for the À458 orientation at the lower-right presentation location, no differences were found between reference-line and matching-line orientations. For the left viewing position there was a small difference between the orientation of the matching line and the reference line for the 458 orientation at the upper-right location, but this difference did not reach significance. Unsigned errors between oblique and orthogonal orientations were compared to see whether an oblique effect was present in our data set. For the left viewing position, an oblique effect was found (F 1 5 18X098, p 0X008), which did not significantly interact with matching-line location (F 2 4 4X358, p 0X099). There was an oblique effect for the right viewing position too (F 1 6 10X746, p 0X017), which did interact with matching-line location (F 2 5 10X022, p 0X0018).
Results
For the left viewing position, the produced orientations for the upper left and upper right matching-line location were found to be significantly different for the À458 orientation (t 5 5X446, p 0X003). In addition, for both oblique orientations, significant differences were observed for the upper-right and lower-right matching-line location (À458: t 5 À5X880, p 0X002; 458: t 5 À3X725, p À0X0014). For the right viewing position no differences were found between the systematic errors for the upper-left and upper-right matching-line positions. Neither were there significant differences between errors for the upper-right and lower-right positions.
Discussion
The results in figures 2 and 3 can be best summarised by stating that an oblique line is perceived to be more oriented towards the vertical at more nearby locations (figure 2). This is equivalent to stating that the orientation of an oblique line is perceived to be more oriented towards the horizontal at more distant locations. In figure 2 , the matching line was presented nearby while the reference line was farther away. Because lines Here and in the remaining figures, a tilde sign denotes a non-significant effect; a single asterisk represents a significant effect at a significance level of 5%; and a double asterisk represents a significant effect at a significance level of 1%.
farther away seem to be perceived more oriented to the vertical, participants rotated the nearby matching line towards the vertical to match the perceived orientation of the reference line. In figure 3 the reference line was presented nearby and the matching line was farther away. In this condition, the distant matching line was perceived to be oriented more to the vertical such that participants rotated its orientation towards the horizontal to match the perceived orientation of the nearby reference line.
In a previous study on haptic perception, Kappers and Koenderink (1999) reported that differences between the orientation of a reference bar and a matching bar increased for larger angles between the reference bar and matching bar relative to the subject. The radial distance relative to the subject did not appear to have any effect. That study deals with bars in a horizontal plane, whereas our study deals with the orientation of lines in a vertical plane. Therefore, it is appropriate to address the question to what extent any differences in orientation of the matching line and reference line in our study have to be attributed to the different viewing angle or to the different distances of the lines relative to the observer. The results of viewing from the left and right sides are compatible with both hypotheses. Therefore, we did a pilot experiment, in which we asked two subjects, who also participated in the first experiment, to visually match the stimuli of experiment 1, while sitting right in front of the screen at a distance of about 32 cm. In this condition, the distances of the participant relative to the reference line and the upper-left matching line are the same and the viewing angle in this condition is much larger than for the same stimuli in experiment 1. The results revealed much smaller consistent (signed) errors for the oblique stimuli, suggesting that the errors have to be attributed mainly to distance, rather than to the viewing angle. In only a few studies on visual perception subjects have been tested in viewing conditions other than straight ahead. Some experiments have been carried out in which a drawing or a picture was looked at from different angles (Cutting 1988; Deregowski and Parker 1995; Goldstein 1987; Halloran 1993) . In these experiments, drawings were shown in which perspective was used to suggest a 3-D scene. For example, Goldstein (1987) presented a picture of three columns in a 3-D scene to participants, and asked them to estimate the distance in depth from one column to the other. Estimated depth and perceived orientations of painted objects were found to be quite independent of viewing angle, an effect known as the`differential rotation effect'. In our experiments, we did not try to induce depth in our stimuli. The stimuli were 2-D lines with no intention to make them look as if they would point outside the plane of the screen. In fact, none of our participants reported that s/he perceived the lines coming outside the plane of the screen. In addition, we found a strong effect of viewing position, and therefore the`differential rotation effect' does not apply to our data.
Experiment 2
In the second experiment we tested whether the systematic effects found in experiment 1 for visual matching in the vertical plane are also found when participants have to match the orientation of the perceived line using a hand-held bar.
3.1 Method 3.1.1 Participants. Seven participants took part in the experiment. Two of them were the authors. Five of the participants had also participated in experiment 1. Two participants were paid for taking part. All participants had normal or corrected-to-normal vision.
3.1.2 Apparatus. For stimulus presentation, the same PC and LCD projector were used as in experiment 1. In experiment 2 participants were asked to match the orientation of the reference bar by adjusting the orientation of a hand-held bar. The bar used was 29 cm long and weighed 0.32 kg. The orientation of the bar was measured with the Optotrak 3020 system (Northern Digital Inc.), which determined the position of two infrared light-emitting diodes (IREDs), attached to the bar at a distance of 20 cm. The accuracy of the orientation of the bar could be measured with an accuracy better than 0.58. 3.1.3 Stimuli and design. The stimuli and the design of the experiment were almost the same as in the location of the matching line in experiment 1. Instead of the matching line, a small circle was presented at the location of the matching line in the first experiment. The circle indicated to the participant where to match the orientation of the reference line by the orientation of the hand-held bar.
3.1.4 Procedure. Participants were standing at the left position illustrated in figure 1. All participants were asked to hold the bar in their right hand, although two participants were left-handed. No differences were found in the pattern of results for the left-handed and the right-handed participants. Participants were instructed to use a powerful grip to hold the bar. At the beginning of each trial, the reference line appeared at the upper right of the screen (as in experiment 1), and a circle appeared at one of the three matching locations (upper left, upper right, or lower right). Participants would then move the hand-held bar towards the location of the circle while orienting the bar such that they thought its orientation matched that of the reference bar. 2 s after the presentation of the line an auditory signal told the participant to hold the orientation of the bar as fixed as possible. A second tone, presented 1.5 s after the first tone, indicated that the arm could be moved back to the starting position near the waist. During the interval between the two auditory signals the orientation of the bar was measured by the Optotrak system. After each 30 trials there was a break of about 1 min.
3.1.5 Data analysis. The mean location (averaged over 90 samples) of each IRED during the measurement period was calculated. Trials in which one of the IREDs was not visible to the Optotrak system (about 5 trials per participant), or in which participants moved the bar during the period in which the Optotrak system measured the orientation of the bar (about 2 trials per participant), were removed from the data analysis. For the remaining trials, the orientation of the bar was calculated by fitting a line through the two mean IRED locations. The calculated orientations were analysed in the same way as those observed in experiment 1.
Results
In figure 4, The orientations of the matching lines for the upper-right and lower-right stimulus locations differed for the À458 orientation (t 6 À3X917, p 0X008), but not for the 458 orientation (t 6 À2X380, p 0X055). Differences were found between orientations produced at the upper-left and upper-right stimulus locations both for the 458 orientation (t 6 3X971, p 0X007) and the À458 orientation (t 6 4X933, p 0X003). A clear oblique effect was found (F 1 6 312X479, p 5 0X01), which did not interact with stimulus location (F 2 4 2X861, p 0X148) .
Since five of the participants of experiment 2 also took part in experiment 1, it was possible to compare the size of the effects in both experiments directly. For this comparison, data from the left viewing position of experiment 1 were used. Figure 5 shows the produced orientations of experiment 1 in the outer circle, together with the orientations of experiment 2 in the inner circle. The symbols near the lines indicate the significance level of the differences in signed errors. No significant differences were found for signed and unsigned errors in experiments 1 and 2.
Discussion
Both for haptic and visual matching, systematic errors were found for the oblique orientations but not for the horizontal and vertical orientations. The direction and size of the effects were the same for both matching tasks. One could argue that vision of the edges of the screen near the matching stimulus might have resulted in the lack of systematic effects for the orthogonal orientations in experiments 1 and 2. Participants might have compared the matching-line orientation to the edges of the screen. To see whether participants actually used this information, scatter was added to the referenceline orientations. If participants used the edges of the screen to orient the matching-line orientations, smaller correlations between orientations of matching and reference lines would be expected for orthogonal than for oblique orientations, since the edges were a better reference for vertical and horizontal orientations. Table 3 shows the values of these correlations. The correlations shown were computed within each main orientation. Therefore, they summarise how accurate participants were at matching the small variations of a few degrees around each main orientation. For all three matching conditions correlations were higher for the orthogonal than for the oblique directions, with mean values near 0.60 and 0.37, respectively. This implies that participants better matched the small variations in orientation for the orthogonal directions than for the oblique directions, which obviously argues against the use of the edges of the screen to match lines at orthogonal directions.
Additionally, if participants used the edges of the screen, larger matching errors for orthogonal orientations would have been expected for matching locations farther away from the edges of the screen. This was not found. Participants matched the orthogonal orientations equally correctly for all three matching locations.
Participants might have carried out the haptic matching of experiment 2 as if it were a visual matching task, since they had sufficient time to reorient the bar before its orientation was measured. If participants strongly relied on the visually perceived orientation of the bar, similar results should be expected in experiments 1 and 2.
In experiment 3, a mask made the bar and the hand invisible to the participant while matching the visually presented orientation. If participants of experiment 2 relied primarily on visual information of the orientation of the bar and if haptic and visual matching actually result in different matched orientations, different results have to be expected for experiments 2 and 3.
Experiment 3
In experiment 3, participants were asked to match the orientation of a reference line by orienting a hand-held bar. The field of view was restricted to the reference line by a piece of cardboard which occluded the remainder of the visual field. Although hand and bar could not be seen, participants could see the reference line while matching its orientation.
4.1 Method 4.1.1 Participants. Seven participants took part in the experiment. Two of them were the authors. Two participants were paid for their participation. All participants had normal or corrected-to-normal vision. Two participants were left-handed. 4.1.2 Apparatus and stimuli. Apparatus and stimuli were the same as in experiment 2. A piece of cardboard prevented the participant from seeing his/her hand and the bar while matching the reference orientation.
4.1.3 Design. Each participant took part in two sessions of 120 trials each. The number of trials was doubled with respect to the first two experiments because the variance in the produced orientations was found to be much larger without than with visual feedback. In all other aspects the design of the experiment was the same as in experiment 2. 4.1.4 Procedure. There was one difference with respect to the procedure of experiment 2. A piece of cardboard prevented the participant seeing his/her hand and the bar while matching the orientation of the reference line. Participants were asked to keep fixating the reference stimulus while matching its orientation. Below the reference line, the Dutch words for`upper left',`lower right', and`upper right' were printed to indicate the location at which the orientation had to be matched (the same locations as in experiments 1 and 2). At the beginning of the experiment, participants held their hands at the locations where they thought they would have to match the orientation, in order to agree on the locations to be used. During the experiment, the experimenter watched where participants matched the reference location. If the bar was held at a location closer to one of the other matching locations than to the instructed matching location, the experimenter would tell the participant in which direction to change the location of the bar. Participants did not always hold the bar at exactly the matching location, since they could not see where they were holding their hand while matching. The mean coordinates of the locations where the bar was held were 33 cm from the left and 27 cm from the top (33 cm, 27 cm) of the computer display for the upper-left condition, (99 cm, 35 cm) for the upper-right location, and (113 cm, 133 cm) for the lower-right location.
4.1.5 Data analysis. For each trial, the location of the centre of the two IREDs at each side of the bar was computed. This centre location was entered in a three-means clustering algorithm where the instructed locations were used as starting values. This way the produced locations were grouped into three clusters together with the corresponding produced orientations. The orientations of each cluster were analysed with the same data analysis procedures as in experiments 1 and 2.
Results
Orientations of reference and matching lines are plotted in figure 6 . The orientations are presented at the location at which participants had to match the reference orientation. Data of all participants are plotted in one figure, as was done for experiments 1 and 2. Near the lines, the results of t-tests of the difference between reference-line and matching-line orientations are shown. As in experiments 1 and 2, significant differences were found for the oblique orientations, except for the À458 orientation at the lowerright location. Mean errors and mean standard deviations across participants are presented in table 4.
No significant difference was found between signed errors for the upper-left and the upper-right positions (for the À458 orientation: t 6 1X385, p 0X215; for the 458 orientation: t 6 1X760, p 0X129). The signed errors for the oblique orientations at the upper-right and lower-right positions were significantly different (for the À458 orientation: t 6 2X507, p 0X046; for the 458 orientation: t 5 6X746, p 0X001).
Unsigned errors for oblique and orthogonal directions were significantly different (F 1 6 28X377, p 0X002). The oblique effect did not interact with stimulus position (F 2 5 0X144, p 0X870). Because five of the participants of experiment 3 also participated in experiment 2, the results of the two experiments could be compared by using within-subject tests. In figure 7 , the produced orientations in both experiments are shown. The lines at the outer circle present data from experiment 3, and lines at the inner circle data from experiment 2. The symbols near the lines show the outcomes of t-tests comparing the signed errors of both experiments. As the symbols show, no significant differences were found in the signed errors of the two experiments.
In a three-way MANOVA the effects on unsigned errors of matching condition (with or without visual feedback), matching-line location, and reference-line orientation were tested. Significant effects of matching-line location ( p 0X030) and reference-line orientation ( p 0X002) were found. No interaction effects were found.
Discussion
The design of experiment 3 was somewhat similar to that used by Soechting and Flanders (1993) , who asked participants to match the orientation of a visually presented bar with a bar at waist level. In their study, participants always fixated the reference bar during the matching task, so that they had no visual information about the orientation of the matching bar near their waist. Systematic errors were reported for slanted orientations but not for horizontal and vertical orientations of the reference bar. In this respect their data are similar to ours. Unfortunately, subjects in their study and in our study viewed the stimuli from very different viewing angles. In our experiment, participants looked at the reference lines from aside (either from the left or from the right), while in the experiment by Soechting and Flanders the stimuli were presented in front of the participants. Since experiment 1 showed that viewing position has an effect on matching errors, the different viewing positions of the participants make it difficult to compare the results of the two studies quantitatively. An oblique effect was found by comparing unsigned errors. In view of the variability of matching in figure 6, this may be somewhat surprising. Figure 6 does not seem to show a large oblique effect, since oblique orientations seem to be produced with almost the same accuracy as orthogonal directions. A reason for the unexpected oblique effect might be the use of unsigned errors to test for the oblique effect (see, for example, Luyat et al 2001) . In the presence of systematic errors, it might be better to test for differences in variance. We have used the variance to test for an oblique effect in our data and found no significant oblique effect ( p 0X168) with this measure.
General discussion
We have found clear systematic effects when visually presented oblique orientations had to be matched in three different tasks: (i) visual matching, (ii) haptic matching with visual feedback, and (iii) haptic matching without visual feedback. The systematic errors were identical for the three matching situations, not only qualitatively but also quantitatively.
Part of the explanation of the matching errors might be that participants could not fully correct for geometric distortion of the two lines on the retina. In general, when two parallel lines are projected on the plane of the retina, their projection will not be parallel. Only parallel horizontal and vertical lines will have parallel retinal projections. This might explain why the orientations of horizontal and vertical lines were matched correctly, and why systematic errors were found for oblique lines. However, the errors made by the participants were smaller than those expected on the basis of the geometric distortion. Therefore the distortion of orientations by projection on the retina can be only a part of the explanation. Our study suggests that systematic errors in matching are primarily due to errors in visual perception of the lines, while the variable errors in matching are primarily due to errors in haptics. As explained in section 1, errors in visual perception have been reported frequently in the literature. Some workers have reported that motor responses to visual stimuli reflect errors in visual perception, while others have suggested that motor responses may be insensitive to errors in visual perception. Obviously, our results are in agreement with the former.
